Objective(s): Naringin has been reported to regulate bone metabolism. However, its effect on osteogenesis remains unclear. The aim was to investigate the effect of naringin on osteogenic differentiation of human bone marrow mesenchymal stem cells (hBMSCs) through the activation of the ERK signaling pathway in osteogenic differentiation. Materials and Methods: Annexin V-FITC assay and MTT assay were used to measure the effect of naringin on cytotoxicity and proliferation of hBMSCs, respectively. Alkaline phosphatase activity analysis, Alizarin Red S staining, Western blotting, and real-time PCR assay were used to evaluate both the potential effect of naringin on osteogenic differentiation and the role of ERK signaling pathway in osteogenic differentiation. Results: Our results showed that naringin had no obvious toxicity on hBMSCs, and could significantly promote the proliferation of hBMSCs. Naringin also enhanced the osteogenic differentiation of hBMSCs and increased the protein and mRNA expression levels of osteogenic markers such as Runx-2, OXS, OCN, and Col1 in a dose-dependent manner. In addition, we found that the enhancing effect of naringin on osteogenic differentiation was related to the activation of phosphor-ERK, with an increase in duration of activity from 30 min to 120 min. More importantly, both the enhancing effect of naringin on osteogenic differentiation and the activity effect of naringin on ERK signaling pathway were reversed by U0126 addition. Conclusion: Our findings demonstrated that naringin promoted proliferation and osteogenesis of hBMSCs by activating the ERK signaling pathway and it might be a potential therapeutic agent for treating or preventing osteoporosis. 
Introduction
Osteoporosis, characterized by low bone mass density and deterioration of bone microarchitecture is regarded as one of the challenging clinical entities in the elderly population (1) (2) (3) . Bone mass homeostasis depends on mainly the balance between bone formation and bone resorption, which is tightly regulated by bone-forming osteoblasts and boneresorbing osteoclasts (2) . There is now a mounting body of scientific evidence to suggest that the impaired osteogenic differentiation of resident bone mesenchymal stem cell (BMSCs) may play a decisive role in mediating osteoporotic bone loss (4) . In general，MSCs differentiate into osteoprogenitors, preosteoblasts, and subsequently mature osteoblasts, which are accompanied by the mineralization of the extracellular matrix (ECM) in the form of hydroxyapatite (5) . Recently, several researchers have demonstrated that patients with bone fracture treated with MSCs present promising results. A study found that directing MSCs to the bone surface could augment bone formation and increase bone mass (6) . Thus, enhancing osteogenesis of MSCs is considered as a potential therapeutic strategy for osteoporosis.
Osteogenesis is an intricate process, which is mediated by the action of several key transcriptional factors, including Runt-related transcription factor-2 (Runx-2) and osterix (OSX), and is usually accompanied by the increased expression of bone matrix proteins, such as alkaline phosphatase (ALP), type I collage (ColA1), and Osteocalcin (OCN) (4) . ERK signaling pathway has been intensively investigated in regulating many cellular functions, such as meiosis, mitosis, apoptosis, and differentiation (7) . Recently, it was reported that the activation or inhibition of ERK signaling pathway is involved in the commitment of MSCs into osteogenic lineages (8, 9) . Several studies have found that ERK1/2, activated by mitogen-activated protein kinase 1/2 (MEK1/2) through phosphorylation at a threonine and an adjacent tyrosine residue, could strongly increase the Runx-2 protein level though an increase in acetylation and a decrease in ubiquitination (8, 10, 11) . In addition, many studies have shown that traditional medicinal herbs such as Salvianolic acid B (12) and Chlormadinone acetate (13) could enhance the osteogenic differentiation of MSCs through the activation of ERK signaling pathway.
Naringin, a major traditional Chinese medicine with a long medicinal history, is the main effective component of rhizome dryariae (14) . Rhizome dryariae, specifically naringin, is commonly used to manage orthopedic disorders (15) . In addition, numerous studies revealed that naringin could enhance the proliferation and osteogenic differentiation of the MC3T3-E1 cell line (16) . A study by Zhang et al also demonstrated that naringnin had anti-osteoporotic and enhancing bone-unifying properties through the promotion of proliferation and osteogenic differentiation of human BMSCs (17) . However, it remains unclear whether the effect of naringin for enhancing osteogenic differentiation is related to the activation of the ERK signaling pathway. Thus, the present study seeks to investigate the effects of narignin on the proliferation and osteogenic differentiation of hBMSCs by activating the ERK signaling pathway.
Materials and Methods

Chemical reagents
Naringin, β-glycerophosphate, L-ascorbic acid-2-phosphate, dimethyl Sulfoxide (DMSO), 1,25-dihydroxyvitamin D3, and Alizarin Red S were purchased from Sigma (St. Louis, MO, USA). Calcium Colorimetric Assay Kit and Alkaline Phosphatase Activity Colorimetric Assay Kit were obtained from Biovision, Inc. The anti-ERK antibody and anti-pERK antibody were purchased from Cell Signaling (Boston, MA, USA). U0126 was from Beyotime (Shanghai, China). All other chemicals were purchased from sigma (St, Louis, MO, USA).
Cell Cultures and differentiation
Bone marrow aspirates were obtained from four healthy volunteers (A-D) (A, 27 years old; B, 29 years old; C, 34 years old; D, 47 years old) during the routine orthopedic surgical procedure in Shanghai 9th People's Hospital and hBMSCs were isolated and expanded using the previous method (18) . All protocols of human tissue handling were approved by the Research Ethical Committee of our Hospital. Briefly, the aspirates were immediately re-suspended in DMEM supplemented with 10% fetal bovine serum (FBS, Thermo scientific), 1% penicillin-streptomycin (Thermo scientific) (growth medium, GM), and plated at 4×10 4 cells/cm 2 in 100 mm culture dishes (Falcon, USA) with the medium changed every three days at 37 °C in a humidified atmosphere containing 5% CO2. After the cells were cultured for 1 day, the growth medium was replaced with differentiation medium (DMEM with 10 -8 M dexamethasone, 50 ug/ml ascorbic acid, and 5 mM glycerol phosphate), which was changed every 2 days during osteogenic differentiation. To evaluate the effect of naringin on osteogenesis, the cells were treated with osteogenic differentiation medium supplemented with various concentrations of naringin (0, 10, 50, and 100 ug/ml). Three independent experiments were performed in quadruplicate.
Cell viability
The hBMSCs from passage 3-5 were seeded in 6-well plates at a density of 1×10 4 cells/well and cultured in growth or osteogenic medium supplemented with various concentrations of naringin at 0, 10, 50, and 100 ug/ml. Then, cell viability analysis was performed at 1, 3, and 7 days based on a known method (19) . The cells were washed twice in PBS and dissociated with 0.25% trypsin/EDTA, after which the cells were collected and stained using an Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China) according to the manufacturer's protocol, and finally analyzed using a fluorescence-activated cell sorter (FACS) flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
MTT assay
The MTT assay was used to test the effect of naringin on cell proliferation based on an existing method (19) . Briefly, hBMSCs at a density of 5×10 3 cells/well were seeded in 96-well plates and cultured in growth or osteogenic medium supplemented with various concentrations of naringin (0, 10, 50, and 100 ug/ml). Following that, the cells were cultured for 0, 1, 3, 7, and 14 days, respectively. At each time point, the cells were washed twice with PBS, and then 200 μl DMEM supplemented with 20 μl 5 mg/mL MTT (Amresco, USA) solution was added and incubated at 37°C for 4 hr. Subsequently, the medium was replaced with 200 μl DMSO and vibrated for 10 min to dissolve the MTT formazan crystals. Finally, the absorbance was measured at 450 nm using an ELx Ultra Microplate Reader (BioTek, USA).
ALP staining and activity assay
hBMSCs were seeded in 6-well plates at a density of 1×10 4 cells/well and cultured in DMEM with various concentrations of naringin, as described above. After the cells were cultured for 14 days, the cells were washed with PBS twice and fixed with 4% paraformaldehyde for 10 min. Then, the cells were equilibrated by ALP buffer (0.15 M NaCl, 0.15 M Tris-HCl, 1 mM MgCl2, pH 9.0) twice, and incubated with ALP substrate solution (5 l BCIPl ml ALP buffer) at 37 ℃ in the dark for 60 min. Then the reaction was stopped by distilled water and the plate was visualized using a microscope. The ALP activity was determined using p-nitrophenylphosphate as the substrate. Absorbance at 405 nm was measured and the protein concentration of cell lysates was measured using the Bradford assay at 595 nm on a microplate spectrophotometer (Bio-Rad, USA). ALP activity was normalized according to the total protein concentration.
Alizarin Red S staining and quantification determination
To detect mineral accumulation in differentiation osteoblasts, the hBMSCs treated with osteogenic induction for 14 days were washed with PBS and fixed with 4% paraformaldehyde for 10 min. After washing with deionized water, the cells were stained with 0.1 % Alizarin Red solution (Sigma) at pH 4.2 for 30min at room temperature. Orange Red staining indicated the position and intensity of calcium deposits. For quantitation determination, 0.5 ml 100 mmol/l cetylpyridinium chlorides (CPC) solution (SigmaAldrich, MO, USA) was added to each well and shaken for 30 min. The mixed liquid was diluted with 100 mmol/l CPC solution to 1/20 of the original concentration and quantified by measuring the OD of the extract at 550 nm.
Quantitative real-time PCR
Total RNA of the hBMSCs was isolated using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Total RNA yield and purity were confirmed by the ratio of A(260)/A(280) using UV-spectroscopy. First-strand cDNA was synthesized from 1-3 μg of the extracted RNA samples using transcriptor reverse transcriptase (TaKaRa), real Time PCR was performed using quantitative real-time amplification system (Biorad, CFX Connect), and SYBR Green PCR MasterMix (Tiangen Biotech ) was used in each reaction. Expression of Runx-2, ALP, collagen type I (COL I), osteopontin (OPN), and OCN were evaluated. Amplification conditions were as follows first at 95°C for 15 min, and then 40 cycles of 95°C for 10 sec and 60° C for 40 sec. Primer sequences were as follows: Runx-2: forward 5'-GTCTTACCCCTCCTACCTGA-3' and reverse 5'-TGCCTGGCTCTTCTTACTGA-3'; Col1: forward 5'-TGTTCAGCTTTGTGGACCTC-3' and reverse 5'-CTTGGTCTCGTCACAGATCA-3', OSX: forward 5'-ACGTGGCTAAGAATGTCATC-3' and reverse 5'-CTGGTAGGCGATGTCCTTA-3'; OCN: forward 5'-CAAAGGTGCAGCCTTTGTGTC-3' and reverse 5'-TCACAGTCCGGATTGAGCTCA-3'; α-tubulin: forward 5'-ACATCGCTCAGACACCATG-3' and reverse 5'-TGTAGTTGAGGTCAATGAAGGG-3', real expression levels for each gene of interest were calculated by normalizing the quantified cDNA transcript level (cycle threshold) to that of the housekeeper gene α-tubulin.
Western blotting analysis
Cells were washed three times with ice-cold PBS then lysed using cell lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.2 g/l sodium azide, 1 g/l sodium dodecyl sulfate (SDS), 0.1 g/l aprotinin, 10 g/l NP-40, 5 g/l sodium deoxycholate, 0.1 g/l phenylmethylsulphonylfluoride, pH 8.0) on ice. After centrifugation at 12,000 rpm for 10 min at 4 °C, the protein concentrations were determined (BCA, Pierce). Equal amounts of protein lysates (20 μg) were electrophoresed in 10 % SDS-polyacrylamide gels and transferred onto a polyvinylidene difluoride (PVDF) membrane. After being blocked with 5% skim milk for 1 hr at room temperature, the membranes were incubated, respectively, with anti-ERK1/2 (BD, 1:2000), anti-p-ERK1/2 (BD, 1:1000) or anti-GAPDH (Santa Cruz, 1:1000) antibodies at 4 °C overnight and then incubated with horseradish peroxidase-linked secondary antibodies (anti-mouse, anti-goat, or antirabbit) for 1 hr at room temperature. Signals were detected using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). 
Inhibition of ERK
U0126, a highly specific and potent ERK inhibitor (20) , was used to examine the role of ERK signaling pathway in hBMSCs osteogenesis stimulated by naringin. The experimental specimens were treated with 10 μM U0126. Then, 100 ug/ml naringin stimulation was performed. Control cells were cultured in the absence of U0126. The inhibitor was replaced every 3 days, along with the growth or osteogenic medium. At day 14, ALP staining and activity analysis were used to examine the osteogenic differentiation of the hBMSCs and Alizarin Red S staining was used to evaluate the formation of calcium deposits. Western blotting and real-time PCR were used to measure the proteins and genes expression of Runx-2 and OSX.
Statistical analysis
The results were presented as mean±standard deviation (SD) from three individuals, and each of them was the mean of triplicate experiments. Statistical analysis was performed using the SPSS software (version 13.0). One-way analysis of variance was used to compare the differences between the experimental group, where a value of P<0.05 was considered to be statistically significant.
Results
Effect of naringin on viability and proliferation of hBMSCs
To explore whether the naringin treatment had toxicity on cells, the cell viability was measured. Our results showed that naringin exposure at various concentrations (10, 50, and 100 ug/ml) did not influence the viability of hBMSCs cultured for 1, 3, and 7 days as compared to control ( Figure 1A) .
The MTT assay was used to compare the proliferation of hBMSCs, after being cultured in growth or osteogenic medium supplemented with different concentrations of naringin (0, 10, 50, and 100 ug/ml) for 1, 3, 7, and 14 days. Our findings showed that the cell numbers increased with increasing culture time, and naringin at various concentrations resulted in a high proliferation potential after 3 days of culture as compared to control ( Figure 1B) . These results indicated naringin seemed to be safe and effective for cell growth.
Naringin promoted osteogenic differentiation and mineral accumulation of hBMSCs
To examine whether naringin stimulated osteogenesis, ALP staining and activity analysis were carried out in the presence and absence of naringin after the cells were cultured for 14 days. ALP, a significant marker for the differentiation of osteoblast, was expressed at an early phase of differentiation and involved in the initiation of mineralization (6). Our results showed that naringin increased the ALP activity of hBMSCs in a dose-dependent manner, and the increase in the activity peaked at the concentration of 100 ug/ml ( Figure 1C) . Concurrently, naringin treatment increased the mineral accumulation and calcium deposition in a dose-dependent manner, which was confirmed by Alizarin red S staining ( Figure 1D ). Taken together, these results suggested that naringin promoted osteoblast differentiation and mineralization of hBMSCs.
Naringin promoted osteogenic markers expression
To further investigate the effect of naringin on osteogenic differentiation in hBMSCs, Western blotting and real-time PCR were used to detect the expression of several osteogenic differentiation-related markers after the hBMSCs were treated with osteogenic medium supplemented with vehicle control or naringin for 14 days. Our results showed that naringin at various concentrations increased the expression level of Runx-2, OSX, and Col1 as compared to the vehicle control in osteogenesis induction condition (Figures 2A, B, and D) . OCN, a major non-collagenous bone matrix synthesized protein, was secreted by normal maturing osteoblasts (6) . Our findings showed that naringin at the concentration of 100 ug/ml increased the expression level of OCN, while there was no difference at the concentration of 10 or 50 ug/ml naringin as compared to control ( Figure 2C ). Taken together, these results supported that naringin promoted osteogenic differentiation of hBMSCs.
Naringin activated the expression of the ERK signaling pathway components
To determine whether naringin-mediated osteogenesis was related to the ERK signaling pathway, We initially analyzed the effect of naringin (100 ug/ml) on the compounds of ERK signaling pathways by Western blotting. As shown in Figure 3 , our results indicated that 100 ug/ml naringin induced the activation of phosphor-ERK1/2 from 30 min to 120 min and peaking at 60 min as compared to control. Therefore, these results suggested the hypothesis that naringin was sufficient to induce the activation of ERK1/2.
U0126 inhibited the effect of naringin for osteogenic differentiation
To demonstrate whether the activation of the ERK signaling pathway is required for the naring-mediated osteogenic activity, U0126, an inhibitor of MEK1/2, was used to block the activation of p-ERK.
As shown in Figure 4A , the higher protein expression levels of p-ERK activated by naringin treatment were decreased in the presence of U0126, suggesting that U0126 completely inhibited the naringin-induced activation of ERK1/2. Furthermore, our results indicated that pretreatment of U0126 effectively decreased the enhancing effect of naringin on ALP activity, which was shown by ALP staining. Concomitantly, Alizarin Red S staining revealed that U0126 treatment significantly inhibited the naringinpromoted calcium deposition ( Figure 4B) .
Then, we examined the effect of U0126 on the expression level of naringin-promoted osteogenic marker genes such as Runx-2 and OSX. Our findings demonstrated that the protein expression levels of Runx-2 and OSX elevated by naringin treatment were reduced in the presence of U0126 ( Figure 3D) . Moreover, the increased mRNA expression levels of Runx-2 and OSX due to naringin treatment were effectively attenuated by the addition of U0126 ( Figure  4D ).
These results supported the hypothesis that naringin stimulated osteoblast differentiation and mineralization of hBMSCs through activating the ERK signaling pathway. 
Discussion
Previous studies have demonstrated that the enhancing osteogenesis of MSCs to osteoblast is a potential therapeutic method for osteoporosis (4, 6) . Many natural products capable of regulating osteogenic differentiation have been explored to treat osteoporosis (8, 11, 12) . In the present study, we demonstrated that naringin could enhance osteogenic differentiation by up-regulating the expression level of osteogenic transcription factors and activating the ERK signaling pathway.
Naringin has been reported to have antioxidant, anti-inflammatory, and anti-apoptosis effect, which could exert its potential therapeutic benefits for a wide gamut of human disorders such as atherosclerosis, cardiovascular disorders, diabetes, and cancer (14) . A study demonstrated that naringin at a dose of 0.5-5 mmol/l significantly suppressed iron-induced lipid peroxidation, protein oxidation and DNA damage (21) . Liu et al showed that naringin at a dose of 50-200 uM medicated its anti-inflammatory effect by inhibiting IL-8, MCP-1, and MIP-1 secretion and mRNA expression as well as by inhibiting the phosphorylation of ERK1/2, JUK, and p38 MAPK signaling pathway (22) . Recently, a study revealed that naringin (10 nM to 1 µM) increased cell proliferation and ALP activity in rat osteoblast-like UMR-106 cells, which presented a potential therapeutic effect for osteoporosis and bone loss (23) . A study indicated that naringin at a dose of 2 µg/ml could improve osteogenic proliferation and differentiation in MC3T3-E1 cells via up-regulation of Runx-2, Col1, and OCN protein expressions as well as modulation of BMP-2 (24) . Recently, research showed that naringin at a dose of 1-100 µg/mL also enhanced the proliferation and osteogenic differentiation of hBMSC (17) . According to these published studies, we estimated that a high concentration of naringin is required to exert its anti-apoptosis and anti-inflammatory effects. However, a low concentration of naringin is enough to promote proliferation and induce differentiation of cells. A study demonstrated that naringin could increase the proliferation and ALP activity of human adiposederived stem cells (hADSCs) in the range of 1-100 ug/mL, while a dose of 200 ug/ml naringin resulted in reduced cell numbers (25) . Thus, in the present study, a naringin dose of 10-100 ug/ml was utilized to evaluate the enhancing effect of naringin on osteogenic differentiation of hBMSCs.
The development of osteogenesis involved in several proteins and transcription factors and their coordinated function has been envisaged. ALP, a cell membrane-associated enzyme increases if there is active bone formation occurring, which is used as an indicator of early osteogenic differentiation (6) . ALP activity is associated with matrix formation in osteoblasts formation prior to the initiation of mineralization (6) . In the present study, our outcomes indicated that naringin treatment enhanced the osteogenic differentiation, as measured by ALP staining and significantly increased the activity of ALP in hBMSCs. As expected, naringin enhanced calcium nodule formation, a functional marker of mineralization, as presented by Alizarin Red staining. Next, we evaluated the changes of osteogenesis-related genes in naringin-treated hBMSCs, such as Runx-2, OSX, OCN, and Col1. Runx-2，a pivotal osteogenic transcription regulator, plays a crucial role in the process of osteoblast maturation (26) . OSX, as a downstream factor of Runx-2, is required for osteoblast differentiation in developing bones (27) . OCN, characterized by mature cells of the osteoblastic lineage, is usually involved in controlling the mineralization process and appears at a late stage of osteogenic differentiation (28) . Col1 is the most abundant protein in the bone matrix; it constitutes about 90% of the organic bone matrix and high levels of Col1 mRNA expression would be observed during proliferation (27) . As expected, our findings indicated that naringin up-regulated the protein and mRNA expression levels of Runx-2, OSX, OCN, and Col1 in a concentration-dependent manner. These findings indicated that naringin could promote the osteogenic differentiation of hBMSCs by controlling these biosynthesis-related genes during osteogenic differentiation.
Previous studies have shown that ERK signaling pathway plays an important role in the regulation of osteogenesis by enhancing the osteogenic transcription regulators such as Runx-2 and OSX (28) . Studies found that the activation of ERK signaling pathway involved in taurine (11), lactoferrin (8) , and phosphatidylserine (29) promoted osteogenic differentiation. In the present study, we found that naringin significantly activated the phosphorylation of ERK1/2 in a dosedependent manner. To further confirm our findings, we also checked whether blocking ERK1/2 signaling pathway could impair the effect of naringin on osteogenesis of hBMSCs. Our outcomes indicated that a higher phosphorylation level of ERK1/2 activated by naringin treatment could be blocked completely by the addition of U0126. In addition, U0126 also inhibited the ALP activity and reduced the mineralized nodule formation that was enhanced by naringin in hBMSCs. Moreover, the relatively higher expression levels of Runx-2 and OSX due to naringin treatment were reversed by U0126; indicating Runx-2 was a target of the ERK1/2 pathway. These results demonstrated that ERK signaling pathway was related with naringinmediated regulation of osteogenic differentiation of hBMSCs.
Conclusion
According to our findings, naringin promoted osteogenesis of hBMSCs through activating the ERK signaling pathway. This might be one of the mechanisms by which naringin increased bone mass. More studies were needed to explore other potential mechanisms involved in the differentiation of naringintreated hBMSC, which might help the application of naringin in osteoporotic patients.
